A high sensitivity magnetic fluid (MF) filled side-hole fiber magnetic field sensor based on surface plasmon resonance (SPR) is designed and investigated. Within the side-hole fiber, the water-based MF is injected into the two side holes, and both of the holes are coated with gold to realize the measurement of the magnetic field by using the SPR effect. The refractive index of the MF changes with different external magnetic fields, resulting in the resonant wavelength moving to other wavelengths. Furthermore, when the external magnetic field increases from 30 to 210.9 Oe, the magnetic field sensitivity can reach to 1.063 nm/Oe.
Fiber magnetic field sensors have attracted more and more attention due to the advantages of electromagnetic wave immunity, real time monitoring, small size, and so on. Moreover, with the development of nanotechnology, magnetic materials become one of the most important components for the measurement of the magnetic field. As one kind of magnetic material, magnetic fluid (MF) is a colloid which contains of suitable liquid carrier and magnetic nanoparticle. It can be classified as water-based, oil-based, and ester-based MF based on the different liquid carriers [1] . As one of the characteristics, when the external magnetic field applies to the MF, the refractive index is changed because of the magnetic-optical effect. Combining with fibers, there are some kinds of MF fiber sensors [2] [3] [4] [5] . Miao et al. have theoretically and experimentally investigated a magnetic field tunable fiber sensor based on an S-tapered microfiber [6] . Zu et al. designed a magnetic field sensor, which is configured as a Sagnac interferometer structure and a MF film. The output spectrum of the Sagnac interferometer moves to the other wavelength when the strength of the applied magnetic field is changed, obtaining the magnetic field sensitivity of 16.7 pm/Oe [7] . Moreover, Chen et al. investigated the sensing characteristic of a single modemultimode-single mode (SMS) fiber structure with the sensitivity of 905 pm/mT [8] . For the liquid characteristic, the MF can be filled into the photonic crystal fiber (PCF) to realize the magnetic field measurement. Li et al. have proposed a magnetic field dual-core PCF sensor by filling MF into air holes [9] . A magnetic field sensor with the sensitivity of 242 pm/mT has been reported by Thakur et al., in which the Fe 3 O 4 magnetic nano-fluid is injected into the cladding holes of the polarization-maintaining PCF [10] . However, the PCF sensor has a problem on the connection of a single mode fiber and the PCF.
Alternatively, the surface plasmon resonance (SPR) also can be used to detect the variations of magnetic field.
It is because the coupling between the fiber core mode and surface plasmon polariton (SPP) mode is changed by varying the refractive index of the analyte [11, 12] . According to Sharma et al., the gold layer and MF layer are covered on a silicon chip. It succeeds in the reliable detection of a magnetic field, which results from the resonant angular and the full width at half-maximum of the SPR both being varied by the applied magnetic field [13] . Ying et al. have simulated a magnetic field sensor with the sensitivity of 0.612°/mT. In the sensor, the surface plasmon wave (SPW) is excited at the interface of the gold dielectric by the Kretschmann prism configuration. As the detected material of the magnetic field, the MF photonic crystal is inserted into a glass slot [14] . But, the magnetic field sensor based on a silica chip or prism configuration has a large sensing area, and the environment easily affects the signal wavelength.
In this Letter, we have investigated an MF injected sidehole fiber sensor based on SPR. Within the fiber sensor, the two side holes are coated with a gold film, and the MF is full filled into both of the side holes. The full vector finite element method is used in order to analyze the transmission properties of the side-hole fiber SPR sensor. The side-hole fiber SPR magnetic field sensor can be optimized by discussing the influences of the radius of the side hole, the thickness of the metal, and the distance between the fiber core and the core of the side-hole on the fiber SPR sensor. When the applied magnetic field increases from 30 to 210.9 Oe, the magnetic field sensitivity of the side-hole fiber SPR sensor can reach to 1.063 nm/Oe, which is higher than the other reported magnetic field sensors, such as the multimode interference fiber sensor [8] , the microfiber sensor [6, 15] , the Fabry-Perot (FP) interferometer sensor [16, 17] , and the fiber grating sensor [2, 18] . Figure 1 is the cross section of the MF injected side-hole fiber SPR sensor. In the side-hole fiber, the gold films are deposited on the surface of the two side holes with the thickness of h Au . The distance between the fiber core and the core of the side hole is r d , and the MF with the refractive index of n 3 is full filled into the two side holes. Moreover, the radiuses of the side-hole fiber are r 1 (fiber core), r 2 (fiber cladding), and r 3 (two side holes), respectively. The refractive index of the fiber core and cladding are n 1 ¼ 1.4814, and n 2 ¼ 1.474, respectively.
In the simulations, the Drude mode and Fresnel formula describe the complex dielectric constant of the gold film and the dispersion characteristics of pure silicon, respectively [19, 20] . The coupling strength between the fiber core mode and the SPP mode is described by the confinement loss, which can be expressed as
where α Au , ImðN eff Þ, and λ are the confinement loss, the imaginary part of the effective refractive index of the fiber core, and the wavelength of the fiber sensor. As reported in Refs. [9, 21] , the refractive index of the MF with different external magnetic fields can be as shown in Table 1 . From the data in Table 1 , the initial refractive index of the MF is 1.462 (the concentration of the MF is 0.85 emu/g, and the applied magnetic field is 0 Oe) and remains constant until the external magnetic field is up to 30 Oe, then the refractive index of the MF increases as the external magnetic field increases from 30 to 210.9 Oe. The refractive index of the MF is varied as the external magnetic field changes, resulting in the resonant coupling between the fiber core mode and SPP mode taking place at other wavelengths. Within the simulation model, the triangular subdomain is used to discretize the upper part of the fiber core, because the cross section of such a fiber sensor is longitudinally symmetrical. The mesh elements and freedom of degrees of the calculation area are 28317 and 197518, respectively. Moreover, the outermost layer is matched by the perfectly matched layer (PML), and the boundary condition of the horizontal boundary is assigned with the perfect electric conductor (PEC) artificial boundary condition. Figure 2 shows the field distribution of the upper part of the fiber core. In the side-hole fiber SPR sensor, the radius of the fiber core, cladding, and side hole are 4.15, 62.5, and 10 μm, respectively; the thickness of the gold is 45 nm, and the refractive index of the MF is 1.462. By comparing Figs. 2(a) and 2(b) , it can be found that the field intensity at the interface of the gold MF of the y-polarized direction is much stronger than that of x-polarized direction, because the SPW is a TM-polarized wave. The SPR effect has no influence on the fiber core mode of the x-polarization.
The real part of the refractive index of the fiber core mode of the y-polarization [Reðn eff Þ], that of the SPP mode [Reðn SPP Þ] and the loss spectrum, are shown in Fig. 3 , when all parameters are the same as Fig. 2 . From  Fig. 3 , the black and red solid lines represent the Reðn eff Þ and Reðn SPP Þ, respectively. The Reðn eff Þ is equal to the Reðn SPP Þ at the wavelength of 1218 nm, where the loss increases to the maximum. It means that the fiber core mode of the y-polarization resonant couples into the SPP mode at the wavelength of 1218 nm, resulting in the loss reaching the maximum. In the side-hole fiber SPR sensor, the main variables are the radius of the side hole, the distance between the side-hole core and the fiber core, and the thickness of the metal layer. Figure 4 is the loss spectrums with the different radiuses of the side hole, while the other parameters remain unchanged. As shown in Fig. 4 , the peaking loss at the resonant wavelength of 1218 (r 3 ¼ 10 μm), 1214 (r 3 ¼ 9 μm), and 1207 nm (r 3 ¼ 8 μm) are 30.846, 28.351, and 25.580 dB/cm, respectively. It illustrates that the peaking loss decreases, and the resonant wavelength moves to the shorter wavelength as the r 3 decreases. The bigger the radius of the side hole is, the more the MF is infected, leading to a larger influence on the SPW.
The distance between the fiber core and the core of the side hole is also discussed to optimize the side-hole fiber SPR sensor. Figure 5 plots the influence of r d on the loss spectrum, while other parameters remain unchanged. In the Fig. 5 , the peaking loss is 17.598 dB/cm at the wavelength of 1219 nm when the r d is 17.35 μm, while the peaking loss increases to 30.846 dB/cm, and the resonant wavelength shifts to 1218 nm when the r d is 16.95 μm.
Therefore, the peaking loss decreases drastically, but the resonant wavelength has little change with the increasing of r d . It is because the metal film is closer to the fiber core by decreasing the r d , which influences the maximum achievable loss of resonance.
Furthermore, the resonant coupling between the fiber core mode and the SPP mode is sensitive to the thickness of the metal layer. Figure 6 illustrates the loss spectrums with different h Au , while other parameters of the side-hole fiber sensor based on SPR remain unchanged. In Fig. 6 , the black, red, and blue solid lines represent the loss spectrums with h Au of 45, 50, and 55 nm, respectively. From the loss spectrums in Fig. 6 , the resonant wavelength shifts to a longer wavelength as the h Au keeps increasing from 45 to 55 nm. Moreover, the peaking losses are 30.846 (h Au ¼ 45 nm), 24.784 (h Au ¼ 50 nm), and 19.118 dB/cm (h Au ¼ 55 nm), respectively, which means the peaking loss decreases with the increasing of h Au .
The loss spectrums of the side-hole fiber SPR sensor with different external magnetic fields are plotted in Fig. 7(a) , where r 3 , r d , and h Au are 10 μm, 16.95 μm, and 45 nm, respectively, and the other parameters are unchanged. In this Letter, we set the range of the applied magnetic field as 30 to 210.9 Oe to analyze the sensing characteristic of the side-hole fiber SPR magnetic field sensor. When the external magnetic field is parallel to the side-hole fiber, as shown in Fig. 7(a) , the loss spectrum of the side-hole fiber SPR sensor moves to a longer wavelength, and the peaking loss increases with the increasing of the external magnetic field. Assuming the resonant wavelength shift as Δλ res , the sensitivity of such fiber sensor is extracted by [22] S ¼ Δλ res ΔH ðnm∕OeÞ;
where ΔH is the change of the external magnetic field. The resonant wavelength with different external magnetic fields are fitted and plotted in Fig. 7(b) . It can be found that the values, which are plotted in Fig. 7(b) for the sidehole fiber SPR sensor, almost display a linear response. Furthermore, the sensitivity of the side-hole fiber SPR sensor can reach to 1.063 nm/Oe when the external magnetic field increases from 30 to 210.9 Oe.
In conclusion, we propose a side-hole fiber magnetic field sensor based on SPR. The gold film is deposited on the surface of two side holes to excite the SPR effect. The MF is full filled into two side holes, and the applied magnetic field is parallel to the side-hole fiber. By optimizing the side-hole fiber SPR sensor, the sensitivity can reach 1.063 nm/Oe when the external magnetic field is from 30 to 210.9 Oe. The research on the side-hole fiber sensor based on SPR would be very useful in the investigation of the detection of magnetic fields.
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